Due to the large number of repetitive sequences in complex eukaryotic genomes, fragmented and incompletely assembled genomes lose value as reference sequences, often due to short contigs that cannot be anchored or mispositioned onto chromosomes. Here we report a novel method Highly Efficient Repeat Assembly (HERA), which includes a new concept called a connection graph as well as algorithms for constructing the graph. HERA resolves repeats at high efficiency with single-molecule sequencing data, and enables the assembly of chromosome-scale contigs by further integrating genome maps and Hi-C data. We tested HERA with the genomes of rice R498, maize B73, human HX1 and Tartary buckwheat Pinku1. HERA can correctly assemble most of the tandemly repetitive sequences in rice using single-molecule sequencing data only. Using the same maize and human sequencing data published by Jiao et al. (2017) and Shi et al. (2016) , respectively, we dramatically improved on the sequence contiguity compared with the published assemblies, increasing the contig N50 from 1.3 Mb to 61.2 Mb in maize B73 assembly and from 8.3 Mb to 54.4 Mb in human HX1 assembly with HERA. We provided a high-quality maize reference genome with 96.9% of the gaps filled (only 76 gaps left) and several incorrectly positioned sequences fixed compared with the B73 RefGen_v4 assembly. Comparisons between the HERA assembly of HX1 and the human GRCh38 reference genome showed that many gaps in GRCh38 could be filled, and that GRCh38 contained some potential errors that could be fixed. We assembled the Pinku1 genome into 12 scaffolds with a contig N50 size of 27.85 Mb. HERA serves as a new genome assembly/phasing method to generate high quality sequences for complex genomes and as a curation tool to improve the contiguity and completeness of existing reference genomes, including the correction of assembly errors in repetitive regions.
Introduction
Assembly of high-quality genome sequences is an important task which is the basis for genome structure and evolutionary studies, and for gene mapping and cloning. Complex eukaryotic genomes contain a large number of repetitive sequences which complicates the genome assembly process 1 . In the past decade, next generation sequencing assisted the assembly of hundreds of draft animal and plant genomes. Improvements in sequencing read lengths to tens of kb by single molecule sequencing (SMS) technologies from Pacific Biosciences (PacBio) 2 and most recently from Oxford Nanopore 3 have enabled the assembly of many complex eukaryotic genomes. However, these assemblies are still fragmented and generate incomplete draft genomes usually consisting of thousands of contigs with many unresolved regions composed of long stretches of repetitive sequences [4] [5] [6] . The missing repeats in a genome assembly may have important functional implications. For example, segmental duplications account for ~5% of the human genome and are associated with structural variations and genetic diseases 7 .
The SMS long reads are currently assembled using String Graph (SG) 8 or -like assemblers such as FALCON 9 and Celera Assembler 10 (CA). CA represents the traditional Overlap-Layout-Consensus (OLC) assemblers and uses overlap graph 11 to store reads and sequence overlaps between them. OLC is now used in several genome assemblers including PBcR 12 , CANU 13 and MECAT 14 . A string graph 8 reduces an overlap graph using a transitive reduction step to collapse identical or similar sequences. Tiling paths of reads are identified and joined together to form contigs, but multiple copies of similar repeats are also compressed. The approach assembles unique sequences reliably but repeats longer than the read length lead to branching paths and thus form fragmented contigs. Therefore, accurate assembly and resolution of large repeats and highly similar haplotypes in heterozygous genomes still remains a major challenge in genome assembly efforts.
Genome assembly projects often generate chromosome-scale pseudomolecules to anchor the assembled contigs/scaffolds with genetic maps or Hi-C data 15 . However, the approach often leaves many unordered and unoriented contigs, as well as unanchored orphan contigs.
The genome maps from BioNano Genomics 16 covering megabases (Mb) in length can be used to link contigs to hybrid scaffold sequences. However, the method cannot improve the contig lengths and often leaves unfilled gaps of hundreds of kb and many unmapped contigs due to lack of labelling enzyme recognition sites.
Therefore, our work is focused on resolving the repeats in genome assembly. With the current availability of long reads, repeats that are shorter than the read length, say 20 kb, do not usually cause assembly problems, and only the repeats that are longer than the read length need to be resolved. In our previous work 5 , we used fosmid clone sequences to assist the assembly of SMRT sequencing data. However, the relatively high cost of construction and sequencing of a fosmid library inhibits the wide application of this method to a large number of genomes. Here we report a highly efficient genome assembly method using SMS data to resolve repeats called HERA (Highly Efficient Repeat Assembly), which enables the assembly of highly contiguous genomes by assembling each individual repeat separately and correctly connecting it to its flanking sequences. BioNano genome maps and chromosomal anchoring information can help to resolve highly similar repeats. We tested the method on the genomes of rice, maize, human and Tartary buckwheat, and it dramatically improved on the sequence contiguity compared with the assemblies produced by existing assemblers. We generated a high-quality reference genome for maize and Tartary buckwheat with filled gaps and error corrections.
Results

Overview of HERA in assembling repeats
The algorithms used by HERA are fully described in the Methods. In this work, HERA constructs an overlap graph using the contigs generated by other assemblers such as PBcR, CANU, MECAT or FALCON as anchoring nodes and the corrected reads as extending nodes (Figure 1a, b) . The contigs represent a non-redundant set of predefined sequences in a genome. Note that other type of sequences such as selected reads can also be used as anchoring nodes. By graph traversal under the same extending criteria, a set of paths (representing tiling read paths) are created between a starting anchoring node and a set of ending anchoring node (Figure 1c) . By counting the number of paths between each pair of anchoring nodes, the overlap graph is reduced to a connection graph, where different repeat copies are used as separate connecting edges between anchoring nodes (Figure 1d ). Among all the paths, HERA identifies the correct one and thus assembles the sequences between the true neighboring pairs of anchoring nodes into contigs (which also include the flanking sequences). The assembly of single-copy-only sequences between anchoring nodes is trivial.
For repetitive sequences, HERA fully takes advantage of the sequence variations between different repeat copies to distinguish them from each other wherever possible ( Figure 1a and
Supplementary Figure 1) . During the path extension process, the reads originating from the same repeat copy usually have a higher chance of being selected due to their higher sequence similarity in overlapping regions than those from different repeat copies. As a result, the sequences flanking a repeat will be connected by valid paths consisting of the reads originating from the same repeat and thus the correct sequences will be assembled.
Valid paths usually have the highest scores among all paths even after considering sequencing errors. For two nearly identical repeat copies, it is expected that the reads originating from them will be mixed with each other during the path extension process. In such a case, it is also expected that the number of valid paths to connect a pair of truly adjacent anchoring nodes and the number of invalid paths to connect a pair of non-adjacent anchoring nodes will be similar. This leads to conflicts in the connection graph (Figure 1e ,f).
There are several ways to resolve the conflicts: First, by removing one of the connected anchoring nodes when it can be more confidently connected to another anchoring node ( Figure 1e) ; Second, by using BioNano genome maps or mate-pair scaffolding information to identify the correct pair ( Figure 1g) ; Third, by using the chromosomal grouping information derived from genetic map or Hi-C data to identify the correct pair.
Due to both sequencing errors and sequence variations between the reads originating from different copies of repeats, not all connecting paths between the same pair of anchoring nodes have the same length. Further, the paths from tandem repeats or complex repeats can have very different lengths due to inclusion of different repeat units, which lead to multiple peaks in the length distribution plot (Figure 2) . The difference between adjacent peaks corresponds to a repeat unit with possibly additional sequences. The distribution of the path lengths can be used to estimate the length of the repeat and the path sequences can be used to determine whether the repeat contains sequences other than the tandem units.
HERA is also extremely useful to fill gaps in hybrid genome maps or scaffolds, or fill gaps and fix errors in the pseudomolecules derived from genetic maps or Hi-C data. The known gap length is helpful for selecting the correct path. The connecting information (number of paths and overlap sequence similarity) between contigs is helpful to determine the order and orientation of the contigs in pseudomolecules.
Validation of HERA based on assembly of the rice R498 genome
We tested HERA (Supplementary Figure 2) using the SMRT sequencing data of R498 Comparison between the assemblies showed that 95% of the newly increased sequences were centromeric or subtelomeric repeats. Notably, the CANU assembly contained several chimeric contigs which were fixed since they were easy to identify in the HERA assembly due to the increased contig length, by comparison to genome maps or by using the genetic map we constructed previously 5 .
In the HERA assembly, a previously unidentified missing sequence of 387 kb on chromosome 8 close to the centromere in R498_ref1 was added (Supplementary Figure 3) . In
R498_ref1, there were also 14 known potential indels (inserted or deleted sequences) >10 kb 5 .
Using HERA to find paths, we found that at least 8 of the indels could be fixed using a minimum sequence identity of 97% as a cutoff during path extension (Supplementary Figure   3) . Almost all of the regions were found to contain tandemly repetitive sequences with multiple peaks in their path length distribution plot. These results also indicated that our assembly method for tandem repeats is valid. 
Improvement of the maize and human HX1 genome assemblies
To demonstrate the power of HERA in assembling more complex genomes, we reassembled the previously published maize B73 genome 6 and human HX1 genome 4 that were assembled using SMRT data (Supplementary Table 2 In the HERA assembly, 815 annotated genes were on the contigs that were newly added to chromosomes.
HERA fixed several misarranged sequence errors in RefGen_v4, including two inversions and two translocations ( Figure 3c , 3d and Supplementary Figure 5 ). These errors could not be identified by using BioNano genome maps due to the lack of labelling enzyme recognition sites. These results also indicated that even after intensive curation, the reference genome can still contain structural errors other than indels.
The total number of HERA-assembled regions was 2,632, with a total length of 33. Table 4 ), which we did not try to fix. Nonetheless, as shown in the rice genome, we believe that most of these indels can be fixed by HERA.
Similarly, we applied HERA to improve the previously published human genome Table 5 ).
Improvement of the Tartary buckwheat genome assembly
We also applied HERA to assemble the Tartary buckwheat genome. The previously published
Tartary buckwheat genome was assembled using only ~30x SMRT sequence data 17 . In this study, we added more SMRT data to make for a total sequencing depth of ~70x. We used both 17 showed that the latter contained a number of misoriented or mispositioned sequences, which obviously resulted from the clustering of short contigs into chromosome sequences by using Hi-C data.
Discussion
We have reported a highly efficient assembly method, HERA, to resolve repetitive sequences, which is the central objective for all genome assemblers. We tested HERA to improve the genome assembly for rice R498, maize B73 and human HX1 by assembling the previously unassembled repeats including many tandemly repetitive regions. As contig lengths increase, it is more likely for a contig being anchored or positioned correctly onto chromosomes as well as being aligned to BioNano genome maps, and thus the constructed chromosomal sequences contain fewer gaps as well as fewer errors. Highly contiguous and complete genome sequences will increase the accuracy of gene mapping and structural variation identifications when using them as references.
The key difference in dealing with repeats between HERA and SG assemblers such as CANU and FALCON is that HERA assembles a repeat by identifying and scoring the sequence as a whole with different repeat copies being completely separated from each other, while the SG assemblers compress all similar reads above a threshold into one, which makes many different repeat copies unresolvable. In the absence of sequence errors, HERA and SG will generate the same results. However, in the presence of sequence errors which are unavoidable under the current sequencing technologies, the transitive reduction in SG often generates branching nodes from repeat compression, and thus fragments a repeat into many small contigs. HERA is superior in that an overlap graph is reduced to a connection graph in which the repeats are not compressed. HERA is relatively insensitive to unevenly distributed sequencing or self-correction errors. HERA can distinguish two interspersed repeats based on the small difference (<1-2%) at their sequence level by selecting the best paths to connect the true pair of flanking sequences.
In this work, it was not our objective to assemble unique sequences since existing string graph assemblers such as CANU and FALCON accomplish this reasonably well. However,
HERA could be applied to assemble unique sequences directly by selecting a non-redundant set of junction reads that are partial unique, partial repeat to replace the assembled contigs in the overlap graph, a strategy that we are testing and has shown very promising results. If a read is aligned to a number of reads without overhangs at both ends and it is also aligned to a number of reads with long overhangs of a few kb at only one end, it can be designated as a junction read. The unique sequences will be assembled by extending on the unique ends.
Redundancy of junction reads should be removed to reduce conflicts. The assembly of unique sequences can thus be iterative: the junction reads at different confidence levels based on their mutual sequence similarity are used to generate contigs in multiple steps. Redundancy and chimeric errors in the assembled unique sequences should be further removed before proceeding to the assembly of repetitive sequences. The way an assembler deals with repeats can affect its speed and memory usage, and thus various tradeoffs are often implemented to balance the contig length and program efficiency 1, 9, 13, 18 . By using the method we described here as the second stage in an assembler, the assembly of unique sequences can use a conservative approach by assembling only the high confidence regions in the first stage. We expect that this strategy will decrease the complexity of the program implementation and increase the speed of new assemblers.
Resolution of haplotypes in highly heterozygous genomes is important for studying epigenetic effects on gene expression and functions 19 . It is hard to distinguish heterozygous copies and repetitive sequences when contigs are short. HERA can be used as a phasing tool to resolve haplotypes in the same way as filling the repeat gaps as long as there are no identical sequences longer than reads in the region to be resolved. Furthermore, we noted that there still exist many potential errors besides gaps in the current human reference genome GRCh38. We expect that HERA will be used as a curation tool to help fix many of these errors with SMS data, especially by combining it with BioNano genome maps.
Methods
Problems in genome assembly
A Interspersed repeats (including segmental duplications) are non-local similar sequences that are dispersed throughout the genome. In some repeat regions in a genome, both types of repeats can be mixed together to form a long stretch of complex repeats. At present, the SMS reads can reach a N50 length of >15 kb. The repeat regions fully covered by a long read can be easily assembled. What concerns us is the repeats that are longer than read length.
For simplicity, we correct the raw SMS reads to reduce sequence errors, and then we assemble the corrected reads into contigs with existing assemblers. Our objective in this work is to assemble the unassembled regions into contiguous sequences with different repeat copies fully resolved and thus generate ultra-long, up to chromosome-scale, contigs. All the preassembled contigs and reads need to be aligned to each other to identify the sequence overlaps. A sequence can be extended by overlapping sequences at both ends if the overlapping sequences are not entirely covered by (contained in) the former. A sequence end can be extended iteratively to form a tiling path of overlapping sequences. Due to sequence errors, the extension of a sequence must allow non-perfect matches. We therefore define a global minimum sequence identity cutoff parameter SI min for filtering out low-confidence overlaps. By allowing the number of overlapping sequences for each sequence to be at most the average sequence depth, the average base accuracy (α) of all reads is estimated using the average sequence identity of all high-confidence overlaps. The average error rate in all reads is thus ε=1-α. SI min is typically set to a value smaller than but close to α.
Given a pair of overlapping but non-containing sequences S1 and S2, each contains an overlap region with lengths OL1 and OL2, sequence identity SI, overhang lengths OH1 and OH2, and extension lengths EL1 and EL2. We define the following scores. The overlap score of S1 and S2 is OS = (OL1+OL2)*SI/2. The extension score of S2 extending S1 is ES2 = OS + EL2/2 -(OH1+OH2)/2, and similarly for the extension score of S1 extending S2.
Assume two similar repeat copies R1 and R2 are present between two pairs of unique sequences represented by contig ends C 1 e -C 2 e (e is head H or tail T of the contig) and C 3 e -C 4 e , respectively ( Figure 1 ). Given L ce , a sequence end is defined to be sequence that is up to L ce kb from the end. Clearly, due to the sequence similarity of reads for R1 and R2, the contig end C 1 e can be extended to another contig end C 2 e , through a tiling path of reads originating from the repeat R1, while it can also be extended to contig end C 4 e by mixing reads originating from both R1 and R2. The objective is to identify the correct path to connect C 1 e to its true neighbor. HERA tries to assemble R1 and R2 separately and generates extended contigs with the process described in the next section.
Description of the HERA algorithm
Overlap graph construction
An overlap graph, G, is a colored undirected graph with two node colors and two edge colors.
The nodes include anchoring nodes (N A ) for anchoring sequences, e.g., the pre-assembled contigs, and read nodes (N R ) for sequencing reads. An E O edge type, which we call an overlap edge, represents the overlap between two reads and/or anchoring sequences. An E C edge type, which we call a coupling edge, represents a sequence whose ends are represented by two nodes. Each read node is allowed to connect to at most one anchoring node with the highest overlap score. The connection of anchoring nodes can be found by traversing the overlap graph using either depth-first-search or breadth-first-search. A traversal of the graph must obey the following rule: whenever it goes into a node via an overlap edge, it must exit from a coupling edge, and vice versa.
A heuristic algorithm for creating paths between anchoring nodes
Starting from a random anchoring node, N For further extension, only the read with the highest overlap score is selected. If scores for two reads are tied, the read with higher sequence identity or the longer read is selected. Note that not all sequences generated in the first step can be eventually extended to another anchoring node. In case of a dead end where no more extending reads can be found, the extension path goes back to the previous node, and then is extended by the next top-scored read.
Approach II. Similar to approach I, except that in each extension step, a read with the highest extension score is selected.
Approach III. A Monte Carlo approach is used to randomly select a connecting read for each extension. The probability of a connecting read being selected is proportional to its extension 
Generation of consensus sequences for connecting paths
Among all paths of varied length between a pair of anchoring nodes, we need to find a representative (consensus) sequence as the assembled sequence. If the path lengths are distributed within a small range, such as <10 kb, then all the paths are put into one group.
Otherwise, the paths are divided into separate groups based on their length distribution (Figure 2c,d ) with each group representing a candidate connecting sequence of different length. Specifically, all sequences were sorted according to their lengths from short to long and divided into groups using a 1 kb window. Comparing each window with the ones immediately before and after it, a window with the largest sum of the path frequencies is designated as a peak window, and if it has the smallest sum of the path frequencies, then it is a valley window. If the lowest path length frequency in the valley window is less than 90% of the highest path length frequency in the right peak window, then the path length of the lowest frequency in the valley windows (left-inclusive) is used to divide the whole set of paths to different groups.
In each group, all paths with length frequency less than half of the highest path length frequency are discarded. The sequences of the remaining paths are aligned to each other and one of the paths with the highest length frequency matching to the largest number of other paths is selected as the consensus sequence. The number of paths matching to the consensus sequence is designated as the valid path number in this group.
When multiple groups of paths are found between a pair of anchoring nodes, a consensus sequence will be generated for each group. The multiple consensus sequences indicate the presence of similar repeat units. If the length of the region is known (e.g. for gap filling), the consensus sequence corresponding to the known length was selected. Otherwise, starting from the group with the highest path length frequency, its valid path number is compared with that of next immediate group with longer paths, iteratively. If there are only two groups or the valid path number in the longer path group is more than half of that in the shorter path group, then the longer path group will be selected. Otherwise, the shorter path group will be selected.
Finally the consensus sequence of the selected group is used as the consensus sequence of the region.
If the path lengths in a single group are distributed across a wide window (>100 kb), without a clearly identifiable peak, then the repeat underlying the paths will be viewed as a complex repeat. By default, these kinds of repeats are not used to connect anchoring sequences, i.e., the region is not assembled.
Construction of Connection graph and sequence connection
After a consensus sequence is determined between each pair of anchoring nodes, a connection graph (Figure 1d ) is constructed on the nodes using the consensus sequence connecting the nodes as edges. The sum of valid path numbers (NP) on both directions between each pair of anchoring nodes is recorded on the edge.
We define a conflict index (CI) for each anchoring node. For any anchoring node N The anchoring nodes with conflicting connections will not be used in sequence connection unless the conflict is resolved. The non-conflicting anchoring nodes are connected to their matching anchoring nodes with the consensus sequences between them to generate contigs. The consensus sequences without the anchoring sequences from the conflicting connections can be output according to user's specification.
SMRT sequencing
The leaf DNA of Tartary buckwheat cultivar Pinku1 was used to prepare SMRTbell libraries (20 kb inserts) with the standard protocol provided by PacBio (Pacific Biosciences, USA), and the sequencing was conducted on a PacBio Sequel system. Sequence reads with a quality score below 0.8 were discarded.
Assembly of rice, maize, human and Tartary buckwheat genomes
The raw SMRT reads of R498, B73 and HX1 were corrected using the CANU pipeline with default parameters. The corrected reads of R498 were further assembled into sequence contigs using CANU with default parameters. The CANU assembled R498 contigs and the published contigs in B73 RefGen_v4 and HX1 (HX1_FALCON) were used for HERA assembly with the corrected SMRT reads. The raw reads of Pinku1 were assembled using both the CANU and PBcR pipeline with default parameters and the assemblies were improved with HERA.
For each genome, the contigs of at least 50 kb were used to construct overlap graphs with the corrected reads. All contigs and the corrected reads were aligned all-against-all with Minimap2 (https://github.com/lh3/minimap2) and BWA 20 with default parameters to identify the sequence overlaps. To reduce memory usage and computational cost, a reduced overlap graph was constructed. The reads that are fully contained by other reads were discarded and overlaps with sequence similarity <97% were also discarded (SI min set to 97%).
The genomes were assembled using HERA with L ce set to 25 kb, L ex set to 800 kb, and CI max set to 0.75. The HERA assembled super-contigs were combined with BioNano genome maps to generate hybrid maps, and HERA was used again to fill in the gaps in the hybrid maps. The resulting contigs were further connected with HERA. For simplicity, the final order of the HERA assembled super-contigs on chromosomes was determined based on their alignment to reference genome. No further gap filling was performed after the super-contigs were anchored onto chromosomes.
Cleaning of the Tartary Buckwheat assembly
The HERA assembled Tartary buckwheat contigs were aligned to cpDNA and mtDNA, microbial and human DNAs with BWA-mem and the contigs with alignment length >500 bp were discarded. The remaining contigs between 20-50 kb were aligned to the longer ones and those with sequence coverage >90% were also discarded.
BioNano map assisted assembly and gap filling
The de novo and hybrid assembly of the BioNano genome maps were performed using the IrysView software (BioNano Genomics), using a minimum length of 150 kb as a cutoff. To fill a gap with known length, the path extension was performed with only the Monte Carlo approach, and a path whose length was the closest to the gap length was selected. To fill a gap with unknown length, a standard path extension was performed. The order and group information of the contigs were only used to resolve conflicts.
Data availability
Rice data (R498) was previously published 5 
Software availability
The HERA software was coded in Perl and is provided as Supplementary Software and is free for academic and research use. The BioNano map 487 was partially aligned to two non-adjacent regions in RefGen_v4 while it was aligned to only one region as a whole in the HERA assembly (indicated in the red boxes).
